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Abstract
The pe38 gene product of Autographa californica M nucleopolyhedrovirus (AcMNPV) has been shown to be involved in transcrip-
tionally transactivating viral genes and augmenting viral DNA replication in transient assays. To assess the role of pe38 during infection,
we generated a knockout virus, pe38-E9/E9, in which the pe38 open reading frame was replaced with that of the green fluorescent protein.
We compared mutant and wild-type (WT) viral replication in insect cell culture and virulence in Heliothis virescens larvae. Compared to
WT, pe38-E9/E9 budded virus (BV) production was delayed by at least 3 h, and BV yields were reduced over 99%. Similarly,
pe38-E9/E9 DNA synthesis levels were greatly reduced relative to those of WT, but onset of DNA replication was the same for both
viruses. In bioassays, nearly sevenfold more pe38-E9/E9 virus than WT virus was required to achieve an LD50 when administered orally,
but not hemocoelically. These results support the hypothesis that the kinetics of AcMNPV BV production greatly impact virulence in larvae
infected orally (the natural route of infection) and that PE38 is an important, but not essential, factor in viral DNA synthesis and BV
production.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Early genes play a critical role in temporally regulating
gene expression in the baculovirus Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) (Blissard and
Rohrmann, 1990; Friesen, 1997). PE38 is a RING finger,
leucine zipper-containing protein that, along with the prod-
ucts of three other immediate early genes (ie0, ie1, ie2),
transactivates early gene expression (Kovacs et al., 1991;
Krappa and Knebel-Morsdorf, 1991; Theilmann and Stew-
art, 1992; Yoo and Guarino, 1994). PE38 is produced from
1 to 24 h postinfection (h p.i.), with peak accumulation
levels occurring at 6–12 h p.i., but this 38-kDa protein is
undetectable after 24 h p.i. (Krappa et al., 1995). Addition-
ally, at late times (after 12 h p.i.), a smaller, 20-kDa product
is expressed from the pe38 locus, but neither its sequence
nor function is known. At late times p.i., the Orgyia
pseudotsugata MNPV (OpMNPV) homologue of pe38,
p34, also expresses a smaller protein consisting of only the
C-terminal half of the 34-kDa protein (Wu et al., 1993).
Detailed analysis of PE38 cellular localization in transfected
cells has revealed that the 38-kDa protein is transported
predominantly to the nucleus, where it appears in a punctate
pattern (Krappa et al., 1995; Murges et al., 2001). In AcM-
NPV-infected cells, the appearance of PE38 is more diffuse
within the nucleus, but interestingly, the smaller, 20-kDa
protein product is found only within the cytoplasm. PE38
has been shown to colocalize with IE2 and with the mam-
malian nuclear body protein, PML (Murges et al., 2001).
Like PE38, both IE2 and PML contain RING finger amino
acid motifs (Theilmann and Stewart, 1992; Zhong et al.,
2000).
Although the function of PE38 is not fully understood, it
has been suggested that pe38 could be an essential AcM-
NPV gene (Passarelli and Miller, 1994). PE38 has been
shown to transactivate the AcMNPV helicase promoter
(p143) (Lu and Carstens, 1993), and in transient replication
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assays, PE38 stimulates (but is not required for) viral DNA
replication, similar to IE2 and P35 (Kool et al., 1994). The
homologous protein product of OpMNPV, P34, also has
been shown to augment transient replication assays and
transactivate the ie2 promoter (Ahrens and Rohrmann,
1995; Wu et al., 1993). Recently, Prikhod’ko and Miller
(1999) demonstrated that PE38 augments apoptosis induced
by IE-1 in Spodoptera frugiperda (Sf) 21 cells. Mutational
analysis revealed that the augmentation of apoptosis by
PE38 was dependent upon the leucine zipper but not the
RING finger. Despite these important activities, homo-
logues of pe38 have not been found in all baculoviruses.
Baculovirus genomic analyses have suggested that pe38
homologues are found primarily in Group I NPVs, which
includes, among others, Bombyx mori NPV and O. pseudot-
sugata NPV. However, a homologue has also recently been
identified in the distantly related Cydia pomonella granulo-
virus (Herniou et al., 2001).
The purpose of this study was to assess the role of the
pe38 gene products in AcMNPV replication and virulence.
For our study, we isolated a pe38 deletion virus, pe38-E9/
E9, in which the wild-type (WT) open reading frame (ORF)
was replaced with the ORF encoding the green fluorescence
protein (GFP). We conducted scanning and transmission
electron microscopy analysis of occlusions produced by
wild-type and the mutant virus and detected no differences
in occlusion size, virion content, or virion composition. We
then compared the kinetics of viral DNA replication and
budded virus (BV) production in Sf-9 cells infected by
pe38-E9/E9 or AcMNPV WT viruses and virulence in
orally and intrahemocoelically inoculated Heliothis vire-
scens larvae. DNA replication and budded virus production
of the pe38 deletion virus were decreased significantly, as
was the virulence in orally (but not intrahemocoelically)
inoculated H. virescens. These results show that while PE38
is not essential, it is an important virulence factor. More-
over, they support the hypothesis that the kinetics of BV
production in the midgut of AcMNPV-infected H. virescens
greatly impacts AcMNPV virulence.
Results
Isolation of pe38 deletion mutants
To examine the role of pe38 during infection, an AcM-
NPV deletion mutant lacking pe38 was constructed. Viral
DNA was cotransfected with pAcPE38-GFP, and homolo-
gous recombination was used to delete the pe38 ORF and
replace it with GFP (Fig. 1a). A GFP-positive plaque,
pe38-E9/E9, was purified, and stocks were examined for
GFP expression (Fig. 1b). All cells infected with pe38-
E9/E9 were observed to be GFP positive. To confirm that
the deletion virus had the GFP correctly inserted and that
the stocks were free of WT virions, viral DNAs were puri-
fied and analyzed by PCR. Primer pair 212/214 confirmed
the corrected insertion of GFP into the viral genome by
amplifying an 1892-bp DNA from pe38-E9/E9 but not
from WT DNA. In addition, the 330-bp-specific WT DNA
band was not detected in pe38-E9/E9 using the pe38-
specific primer pair 216/213 (Fig. 1c). To confirm that ie2,
which is adjacent to pe38 (Fig. 1), was not affected by the
recombination event we analyzed IE2 by Western blot and
no differences in temporal expression were observed (data
not shown). These analyses confirmed that the pe38 gene
could be knocked out and was not essential for viral repli-
cation in Sf-9 cells.
Analysis of budded virus production and viral DNA
replication
To determine if the deletion of pe38 affected BV pro-
duction and DNA replication, Sf-9 cells were infected with
AcMNPV-WT or pe38-E9/E9, and yields of BV were
determined. BV production was initially analyzed up to 76 h
p.i. (Fig. 2a), and in these assays, pe38-E9/E9 BV pro-
duction was approximately a log lower at all stages of the
growth curves relative to AcMNPV-WT. This result indi-
cated that deletion of pe38 had a dramatic effect on BV
production, causing a greater than 90% reduction. Titers of
pe38-E9/E9 were never found to reach WT levels even
after 5 days (data not shown)
Transient replication assays with isolated baculovirus
genes have shown that pe38 augments DNA replication
(Kool et al., 1994); thus, it was possible that the reduction
in BV production by the pe38 mutant virus may have been
due to differences in DNA replication. To determine
whether the deletion of pe38 affected either the temporal
onset or the level of viral DNA synthesis, we quantified
viral DNA replication in Sf-9 cells infected with AcM-
NPV-WT or pe38-E9/E9 using samples taken at the same
time points used for the BV time course (Fig. 2b). DNA
replication was first detected at 12 h p.i. for both AcMNPV-
WT- and pe38-E9/E9-infected cells. The levels of viral
DNA, however, were consistently two- to threefold higher
in AcMNPV-WT infected cells at all time points tested from
12 through 72 h p.i. These results show that deletion of pe38
significantly reduced both BV production and DNA repli-
cation.
The initial time course experiments were not detailed
enough to determine whether the deletion of pe38 affected
the onset of BV production and/or DNA replication, so we
analyzed 1-h time points from 12 to 24 h p.i. to detect the
onset of both events (Fig. 3). The analyses revealed not only
a significant reduction in the level of pe38-E9/E9 BV
produced, but also that the onset of pe38-E9/E9 BV pro-
duction was delayed by at least 3 h (Fig. 3a). In AcMNPV
WT-infected cells, the onset of detectable BV production
occurred between 14 and 15 h p.i., while in pe38-E9/E9-
infected cells, it occurred at 17 to 18 h p.i. Quantification of
DNA replication at 1-h time points from 1 to 16 h p.i. (Fig.
3b) showed that by 16 h p.i., the level of pe38-E9/E9 DNA
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Fig. 1. Isolation of the AcMNPV pe38 deletion virus, pe38-E9/E9. (a) Schematic diagram showing the region of the AcMNPV genome that contains the
pe38 gene (top schematic). The bottom schematic shows plasmid pPE38-GFP with the pe38 ORF replaced by the GFP ORF that was cotransfected with viral
DNA to generate pe38-E9/E9. (b) Mock, uninfected Sf-9 cells and Sf-9 cells infected with stock cultures of AcMNPV-WT or pe38-E9/E9 analyzed by
(i) light and (ii) fluorescent microscopy. (c) PCR analysis of AcMNPV-WT and pe38-E9/E9 viral genomic DNA to confirm deletion of the pe38 ORF and
correct insertion of GFP. Primer pair 212/214 (a) confirmed the correct insertion of PE38-GFP into the pe38-E9/E9 (1892-bp product) and is not detected
in the AcMNPV-WT DNA. The primer pair 216/213 (a) was used to confirm deletion of the pe38 ORF from the pe38-E9/E9 DNA that is present in
AcMNPV-WT DNA (330-bp product).
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synthesis was threefold lower than that of AcMNPV-WT.
However, the time of initiation of DNA synthesis for both
the WT and pe38-E9/E9 was between 7 and 9 h p.i.
Deletion of pe38, therefore, delayed the onset of BV pro-
duction, but initiation of viral DNA synthesis was unaf-
fected.
Western blot analysis of GP64 accumulation
Time course analyses showed that pe38-E9/E9-infected
cells had a delayed release of BV and produced significantly
reduced titers. GP64 is one of the major BV structural
proteins that is essential for viral budding and infection
(Monsma et al., 1996). To determine if loss of PE38 func-
tion affected the accumulation of GP64, we performed a
Western blot analysis of GP64 expression during the first
24 h p.i. (Fig. 4). The results showed that the levels of GP64
were reduced for the mutant virus relative to WT, but the
glycoprotein was present in both WT- and pe38-E9/E9-
infected cells at 14 to 15 h p.i., the time when WT BV was
first detected. Western blots using the same cell lysates were
also used to compare the expression of IE1, IE2, capsid-p39,
and polyhedrin, and no differences were detected in their
onsets of expression (data not shown).
Electron microscopic analysis of occlusions
Because of the significant decrease in viral DNA synthe-
sis, it was possible that occlusion formation was affected in
cells infected by pe38-E9/E9. Therefore, the size and virus
content of occlusions and the distribution of nucleocapsids
among occlusion-derived virions (ODV) were compared for
pe38-E9/E9 and AcMNPV-WT by electron microscopy
(Fig. 5). No differences were detected in occlusion size by
either transmission or scanning electron microscopy (Fig.
5a). Similarly, no differences in the size range of occlusion
cross sections, the numbers of ODV within occlusion cross
sections, or the distribution of nucleocapsids among ODV
were detected (Figs. 5b and c). Thus, while loss of pe38
severely affected both DNA synthesis and BV production, it
had no discernable morphological effects on occlusion size
or ODV content or composition. Finally, no obvious differ-
ences were observed in occlusion number per cell by visual
analysis of infected Sf9 cells or counts from virus-killed
Trichoplusia ni larvae.
Effect of pe38 deletion on virulence of AcMNPV in H.
virescens larvae
To determine if deletion of pe38 affected the virulence of
AcMNPV, larval bioassays were performed in H. virescens.
In order to confirm that any observed differences could be
attributed to the absence of pe38, a revertant of pe38-
E9/E9 was generated that replaced the GFP ORF with the
native pe38 ORF (see Materials and Methods); this virus
was called pe38-E9/E9-R. Results from oral bioassays
showed that pe38-E9/E9 was significantly less efficient at
establishing fatal infection in H. virescens larvae than the
AcMNPV-WT parental virus (Fig. 6). Using the linear re-
lationships between dosage and mortality (see legend for
Fig. 6), we calculated LD50 values of 20 and 139 occlusions
for AcMNPV-WT and pe38-E9/E9, respectively; thus,
deletion of pe38 reduced the oral susceptibility of this per-
missive host by nearly sevenfold. Larval cohorts inoculated
with occlusions of pe38-E9/E9-R exhibited final mortality
levels similar to AcMNPV-WT, demonstrating that WT
virulence was fully restored with the insertion of a func-
tional pe38 gene into the genome of pe38-E9/E9. In con-
trast to per os inoculation, when the midgut was bypassed
and minute amounts of BV were injected directly into the
Fig. 2. Time course analyses of BV production and viral DNA replication
by AcMNPV-WT- and pe38-E9/E9-infected Sf-9 cells. Sf-9 cells were
infected at a multiplicity of infection (m.o.i.) of 5, and samples were
removed at various times postinfection. (a) BV titers as determined by
TCID50 (Summers and Smith, 1987). (b) Slot blot analysis of viral DNA
replication. Total cellular DNA was isolated and analyzed by slot blot in
triplicate, following hybridization to a radiolabeled plasmid containing the
AcMNPV EcoRI-I fragment (see Materials and Methods). Counts per slot
were quantified using a Phosphorimager. Error bars represent one standard
error.
227M.L. Milks et al. / Virology 310 (2003) 224–234
Fig. 3. Time course analysis to determine the temporal onset of BV production and initiation of viral DNA synthesis for AcMNPV-WT- and pe38-E9/E9-infected
Sf-9 cells. Experimental conditions were the same as those described for Fig. 2. (a) BV samples were removed at 0 and 12 h p.i. and then every subsequent hour
until 24 h p.i. The TCID50 of each time point was then determined in duplicate. (b) Slot blot analysis of viral DNA replication. Error bars represent one standard error.
hemocoel, we found no difference in mortality levels among
cohorts challenged with AcMNPV-WT, pe38-E9/E9, or
pe38-E9/E9-R (Fig. 6). The reduced virulence observed in
oral infections with the pe38 deletion virus, therefore, is a
function of viral infection and replication within the midgut
epithelium.
In two experiments, we quantified the LTs for H. vire-
scens inoculated orally with occlusions of AcMNPV-WT
and pe38-E9/E9 that yielded final mortalities of either 44
or 92% (Table 1). At these levels of mortality, we found
little evidence that the deletion of pe38 impacted the time to
death of host larvae. Insects infected with an LD44 of
pe38-E9/E9 (150 occlusions) took significantly longer to
die than those inoculated with an LD92–93 of either virus, but
no other LT comparisons were significant (Tukey is test, P
 0.05, Table 1). While all of the pupae from cohorts
challenged with AcMNPV-WT produced viable adults,
small proportion ( 6%) of pupae in cohorts challenged
with pe38-E9/E9 failed to eclose, and microscopic exam-
ination of their tissues revealed occlusions in some, indic-
ative of viral infection (data not shown). While it is not
possible to assign a precise time of death to these individ-
uals, their deaths occurred after larval development was
completed; thus, our calculated LT values for hosts suc-
cumbing to infection by pe38-E9/E9 may underestimate
(to an unknown degree) the actual time to death.
Discussion
In this study, we examined the role of AcMNPV pe38
during infection of Sf-9 cultured insect cells by generating
an AcMNPV virus in which the regulatory gene was de-
leted. The deletion of pe38 did not affect the onset of viral
DNA replication, but it did cause a decrease in the levels of
DNA synthesis. In addition, analysis of BV production
showed that the onset of BV release was delayed by at least
3 h, and production levels were reduced by more than 90%.
We also found that deletion of pe38 appears to reduce the
levels of GP64 accumulation in infected Sf9 cells. Because
GP64 is essential for budding, reduced levels of this struc-
tural protein might be responsible, at least in part, for either
the delay or reduction in BV production by the pe38 dele-
tion mutant. Loss of pe38 gene function had no discernable
effect on occlusion size, the numbers of ODV within oc-
clusions, the nucleocapsid distribution within ODV, or the
production of occlusions. Nevertheless, larval bioassays in
H. virescens showed that the LD50 for the pe38 deletion
virus was significantly higher than that for AcMNPV-WT
virus in insects inoculated orally, but not intrahemocoeli-
cally. Together, these results show that pe38 is nonessential
for viral growth both in cell culture and in insects, but
nonetheless, its loss dramatically reduces the virulence of
AcMNPV administered by the natural route of infection.
In transient assays, pe38 is nonessential for DNA repli-
cation but augments the levels of DNA synthesis (Kool et
al., 1994). Our study of pe38 gene product function during
viral infection of Sf-9 cells confirmed this functionality as
DNA synthesis was not stopped, but the levels were signif-
icantly lowered. It is possible that the 3-h delay in the onset
of budding and the dramatic reduction in BV levels caused
by the deletion of pe38 are related to reduced DNA levels
(and/or) to reduced levels of accumulated GP64. Threshold
levels of either viral DNA and/or BV-specific proteins may
be required before packaging and budding can occur.
While its exact role(s) is still not clear, PE38 has been
shown to colocalize with nuclear bodies and PML in both
insect and mammalian cells, a behavior likely mediated via
the RING finger (Krappa et al., 1995; Murges et al., 2001).
RING finger proteins associated with nuclear body struc-
tures have been shown to play key roles in activation of both
transcription and DNA replication by a variety of potential
pathways, such as acetylation or SUMOylation or by titra-
tion and compartmentalization of factors (Zhong et al.,
2000). Lu and Carstens (1993) showed that PE38 specifi-
cally activates the viral helicase gene; therefore, loss of
Fig. 4. Western blot analysis of GP64 synthesis in AcMNPV-WT- and pe38-E9/E9-infected Sf-9 cells. Sf-9 cells were infected at a m.o.i. of 5, samples
were removed at the various times postinfection, and total protein samples were transferred to membranes as described under Materials and Methods. GP64
was detected by using the monoclonal antibody AcV5. The black bars underneath 14–15 and 17–18 h p.i indicate the onset times for BV production in
AcMNPV-WT- and pe38-E9/E9-infected cells, respectively.
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Fig. 5. Comparative analyses of occlusions produced by AcMNPV-WT- and pe38-E9/E9-infected cells. (a) (i)Transmission and (ii) scanning electron
micrographs of the AcMNPV-WT and pe38-E9/E9 occlusions. (b) Average numbers of AcMNPV E2 (closed circles) and pe38-E9/E9 ODV (open circles)
per occlusion cross-sectional area. (c) The numbers of nucleocapsids within ODV were determined to compare their distribution in both AcMNPV-WT and
pe38-E9/E9 ODV. These numbers were determined from randomly chosen sections of occlusions. Cross sections of 86 and 65 individual occlusions,
containing 457 and 480 virions, of AcMNPV-WT and pe38-E9/E9, respectively, were used to generate b and c. To ensure accuracy, only those ODV
sectioned perpendicular to the long axis of nucleocapsids were scored for c.
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PE38 may reduce expression of helicase production and
lower the level of DNA replication. Prikhod’ko et al. (1999)
showed that mutation of AcMNPV IE2, another viral RING
finger protein, also affected viral DNA replication in Sf-21
cells but not in TN-5B1-4 cells. Similarly, deletion of the
herpes simplex virus type 1 RING finger immediate-early
protein ICP0 also reduced replication levels, potentially by
reducing the expression of the regulatory protein ICP27
(Lium and Silverstein, 1997). It is interesting to note that
pe38 and its homologues are found primarily in Group I
NPVs (Herniou et al., 2001), suggesting that in many other
baculovirus–host systems the function of this gene is either
not required or is replaced by other viral and/or cellular
factor(s). The cell line specificity of IE2 shown by
Prikhod’ko et al. (1999) suggests that cellular factors can
replace IE2 function in some cases, and the same could be
true for PE38.
The bioassays revealed that elimination of a functional
pe38 gene significantly reduced the ability of AcMNPV to
generate fatal infections in H. virescens larvae when virus
was introduced per os. Importantly, this loss in virulence
was not observed when the midgut was bypassed and BV
was injected directly into the hemocoel. It is probable that
the onset of BV production is delayed and the rate of BV
production is diminished in infected midgut cells, as it is in
Sf-9 cells. If so, then this difference could account for the
loss of virulence in pe38-E9/E9 because H. virescens
larvae slough infected midgut cells, and the longer the delay
in BV production by infected midgut cells, the higher the
probability that these cells will be sloughed prior to BV
initiation of systemic infection (Washburn et al., 1995).
Our BV bioassays demonstrated that injection of minute
quantities of 0.02 PFU (estimated to be 2.5 physical parti-
cles; see Volkman et al., 1976) of pe38-E9/E9, AcM-
NPV-WT or pe38-E9/E9-R generated mortalities ranging
from 22 to 45%. For all three viruses, a dosage of 0.80 PFU
was an LD100 (Fig. 6). In addition to demonstrating that H.
virescens is much more sensitive to BV than Sf-9 cells, our
data suggest that larvae of this host have no systemic de-
fense against AcMNPV, with or without pe38. Infection of
a single tracheal epidermal cell, the immediate secondary
targets of AcMNPV infection (Washburn et al., 1995), is
apparently sufficient to produce a fatal infection in the host
(see Engelhard et al. (1994) and Washburn et al. (1995)).
Thus, reduced pe38-E9/E9 BV production would lower
the efficiency with which primary foci establish secondary
infection and result in a significant reduction in mortality.
Finally, results from our time to death study suggest that the
lower levels of viral replication by pe38-E9/E9, relative to
AcMNPV-WT, had very little impact on the time to death
for H. virescens larvae.
Fig. 6. Larval mortalities of H. virescens larvae following oral inoculation
with occlusions (a) and intrahemocoelic inoculation with BV (b) of AcM-
NPV-WT, pe38-E9/E9, or pe38-E9/E9-R. For oral bioassays, all larvae
were inoculated within 15 min after molting to the fourth instar, and for
intrahemocoelic bioassays, larvae were inoculated 24  6 h after the molt
to the fourth instar. Between 26 and 32 larvae were used for each dosage.
Regression lines for larvae orally inoculated with AcMNPV-WT and
pe38-E9/E9 were calculated by the method of least squares. Regression
equations and coefficients are as follows: AcMNPV-WT, y  182.4 log(x)
186, R2  0.72; pe38-E9/E9, y  55.6 log (x)  69.1, R2  0.97.
Table 1
Mean time to death for Heliothis virescens inoculated orally with occlusions of AcMNPV-WT or pe38-E9/E9
immediately after molting to the fourth instar
Virus Dosage
(No. of occlusions)a
Number of
larvae inoculated
Number dying
from virus
Mortality
(%)
Time to death (h)
(Mean  1 SE)b
AcMNPV-WT 9 92 41 45 115.0 3.6ab
30 42 39 93 110.0 1.6 a
pe38-E9/E9 150 61 27 44 130.3 6.4 b
660 79 73 92 109.0 2.3 a
a Occlusions delivered in 1-l suspension.
b Means followed by different letters are significantly different by ANOVA, Tukey test, P  .05
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In conclusion, our results show that pe38 has a direct
effect on the growth and replication of AcMNPV in cell
culture and on virulence in insects, but it is not essential.
The more rapid production of BV by the WT virus confers
significant advantage upon the virus during per os infection
of H. virescens. Determining the exact mechanism by which
PE38 influences DNA replication and BV production will
be of significant interest in future studies.
Materials and methods
Viruses and cells
AcMNPV-WT virus (strain E2) was propagated in Sf-9
cells and maintained in TC100 medium (Invitrogen) as
previously described (Summers and Smith, 1987).
Plasmid constructs
The plasmid pXE-PE38 containing the native AcMNPV
pe38 was constructed by ligating the 3.0-kb XbaI–EcoRI
fragment from the cloned AcMNPV EcoRI-B into XbaI–
EcoRI-digested pBS (Stratagene Inc.). pPE38-GFP (Fig.
1) replaced the pe38 ORF with the ORF for an enhanced
GFP (Sit et al., 1998). The plasmid pXE-PE38 was used as
a template to amplify the 5 of the pe38 gene by polymerase
chain reaction (PCR) using the following primer pairs, re-
spectively: M13 reverse (5-AACAGCTATGACCATG-3)
and 208 (5-CCATGGTGCTTATTGGCAGGCTCTCCGT-
GTT-3). The pe38 3 end was amplified with the primers
209 (5-CCCGGGATATGGAGAATCAGGCAAAGAT-
AGC-3) and forward (5GTAAAACGACGGCCAGT-3).
The 5 and 3 pe38 fragments were digested with XbaI and
EcoRI, respectively. Fragments were gel purified, phoso-
phorylated with T4 DNA kinase (Invitrogen), and, in a
three-way ligation, inserted into XbaI- and EcoRI-digested
pBS. The resulting plasmid was digested with NcoI and
XmaI and ligated to NcoI–XmaI-digested GFP ORF, gener-
ating the plasmid pPE38-GFP.
Construction of pe38 deletion mutants
The AcMNPV pe38 deletion virus, pe38-E9/E9, was
constructed by cotransfecting Sf-9 cells with pAcpe38-GFP
(Fig. 1) and purified AcMNPV-WT (strain E2) viral DNA
(Summers and Smith, 1987). BV was harvested at 120 h
posttransfection and, after three rounds of plaque purifica-
tion on Sf-9 cells, mutant viruses expressing GFP were
isolated. PCRs were used to confirm that the pe38 gene had
been deleted from the genome of the knockout virus. Two
pe38-specific primers were used (216 5-AAGGTA-
AAAATGTGGCGTTCC-3 and 213 5-GGCACCAAT-
GTCCTCACCTG-3) (Fig. 1a) under with the following
PCR conditions: One denaturation cycle at 95°C for 1 min,
followed by 40 cycles of 1 min at 95°C, 1 min at 54°C, and
2.5 min at 72°C, with a final extension of 2 min at 72°C. To
confirm that the GFP gene had inserted into the correct
locus, a GFP-specific primer and a primer upstream of the
flanking sequences were used (212 5-GATGTACCGCTA-
ACCAAAAC-3, and 214 5-TCGCCGGACACGCT-
GAACTT-3) (Fig. 1a). The pe38 knockout virus, pe38-
E9/E9, and AcMNPV-WT virus were propagated and
titered on Sf-9 cells by end point dilution (Summers and
Smith, 1987).
A marker-rescued revertant of pe38-E9/E9, designated
pe38-E9/E9-R, was constructed by cotransfection of
pe38-E9/E9 viral DNA with the pe38 containing plasmid
pXE-PE38. Supernatant was harvested at 24 h p.i. and
passaged directly onto Sf-9 cells. Supernatant was again
collected at 24 h p.i. and virus titrated by end point dilution.
Virus was picked from a GFP-negative well at high dilution
and retitrated by end point dilution; subsequently, a mutant
virus from a high dilution, GFP-negative well was isolated.
PCR analysis and fluorescent microscopy were used to
confirm the correct insertion of pe38 and the deletion of
GFP.
Western blot analysis
Sf-9 cells (100 	 106) were infected with pe38-E9/E9
or AcMNPV-WT at a multiplicity of infection (m.o.i.) of 5
PFU/cell (total volume, 10 ml) in a 50-ml Falcon tube for
2 h. Cells were pelleted at 1500 rpm for 10 min, washed
with TC100 media, and resuspended in 50 ml of TC100 in
a spinner flask at 27°C. At various times p.i., 6 	 105 cells
were harvested from each spinner. Cells were centrifuged at
10,000 g for 10 min, and washed once in TC100. The pellets
were resuspended in 1	 protein sample buffer (0.125 M
Tris–C1, pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercapto-
ethanol, 0.01% bromophenol blue) and boiled for 2 min to
completely denature the proteins. Proteins were separated
by SDS–PAGE using 12% polyacrylamide and then trans-
ferred to immobilon-P (Millipore). Western blots were in-
cubated with polyclonal or monoclonal antisera to PE38,
IE2, capsid P39, GP64, IE1, or polyhedrin. Immunoreactive
proteins were detected using rabbit antimouse or goat anti-
rabbit antibody conjugated with horseradish peroxidase
(Jackson Laboratories). Immunoblots were visualized by
the Amersham enhanced chemiluminescence system.
Dot blot analysis of DNA replication
Sf-9 cells were infected with either pe38-E9/E9 or
AcMNPV-WT at a m.o.i. of 5 PFU/cell as previously de-
scribed. At 0, 12, 16, 20, 24, 48, and 72 h p.i., cells were
harvested and centrifuged at 10,000 g for 10 min. Each
pellet was resuspended in 500 l of 0.4 M NaOH–125 mM
EDTA and incubated at 100°C for 10 min to disrupt the
cells. DNA from 2	 105 cell equivalents was added to each
of three slots of a Schleicher & Schuell slot blot apparatus
and blotted onto a Hybond N nylon membrane (Amersham)
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with a vacuum. The samples were hybridized to [-32P]-
radiolabeled EcoRI-B fragment of AcMNPV DNA using
standard methods (Sambrook et al., 1989). The blot was
visualized and quantified by exposure to Kodak Phosphor
screens, developed with a Storm PhosphorImager, and an-
alyzed with ImageQuant software. To identify precisely the
temporal onset of DNA replication, samples were collected
hourly from infected Sf-9 cells between 1 and 16 h p.i. and
analyzed as described above. Three time courses were per-
formed with WT, pe38-E9/E9, and a second pe38 plaque
isolate. Two 1-h time courses were only performed with
pe38-E9/E9 and WT. Data shown in Figs. 2 and 3 are
representative experiments.
Budded virus production
Sf-9 cells were infected with AcMNPV-WT or pe38-
E9/E9 at a m.o.i. of 5 PFU/cell as previously described. At
various times p.i., culture medium was harvested and bud-
ded virus production was determined in duplicate by end
point dilution in Sf-9 cells (Summers and Smith, 1987). At
each time point 1-ml aliquots of supernatant were analyzed
using 96-well microtiter plates. Budded virus time course
analyses were performed five times. Three time courses
were performed with WT, pe38-E9/E9, and a second
pe38 plaque isolate. The 1-h time courses were only per-
formed with pe38-E9/E9 and the WT. For all time courses
mutant viruses had reduced titres relative to WT. Data
shown in Figs. 2 and 3 are representative experiments.
Bioassays and LT studies
For in vivo studies, pe38-E9/E9, AcMNPV-E2, and
pe38-E9/E9-R were amplified in Sf-9 cells, and the occlu-
sions and BV were harvested and quantified. Briefly, after
120 h p.i., infected cells were centrifuged at 3000 rpm for 5
min, and the supernatant containing BV was removed,
quantified by plaque assay (Volkman and Goldsmith, 1982),
and stored in the dark at 7°C. To achieve the desired
dosages for larval inoculations, BV stocks were diluted with
Graces’s cell culture medium (Gibco, BRL) containing 10%
fetal bovine serum. In order to purify occlusions, the pellet
was resuspended in 10 ml of sterile water, amended with 33
l of 10% SDS, rotated for 1 h, and centrifuged again. The
pellet containing the occlusions and cellular debris was then
placed on a sucrose step gradient (1.5 ml of 59% sucrose
and 2.5 ml of 40% sucrose) and centrifuged at 3000 rpm for
30 min. Occlusions were collected at the interface between
the sucrose layers, diluted with 14 ml of sterile water,
centrifuged for 15 min at 3000 rpm, and resuspended in a
neutrally buoyant solution of glycerin (60%) and water
(Washburn et al., 1995). Appropriate dosages for bioassays
were prepared in the same diluent and quantified using a
hemocytometer.
Larvae of H. virescens, a species fully permissive to
AcMNPV, were used to compare the virulence of AcM-
NPV-WT, pe38-E9/E9, and the marker-rescued revertant
pe38-E9/E9-R. For oral bioassays, occlusion suspensions
(in 1.0-l aliquots) were injected into the anterior midguts
of newly molted (i.e., within 15 min of shedding the third
instar cuticle) fourth instar larvae. Inocula were delivered
via a 1-cc tuberculin syringe fitted with a 32-gauge blunt-tip
needle mounted onto a microapplicator (Burkard). For bio-
assays utilizing BV, a 32-gauge sharp-tip needle was in-
serted through the planta of one of the prolegs of 24  6 h
postmolt fourth instar larvae, and a 1.0-l suspension of
virus was delivered directly into the hemocoel as described
by Engelhard et al. (1994). To determine the impact of pe38
deletion on time to death (i.e., LT values), two experiments
were conducted in which larvae were orally inoculated with
occlusions of either AcMNPV-WT or pe38-E9/E9. Larvae
were examined at approximately 6-h intervals from the time
of inoculation until they had either died from virus or
pupated. Insects were scored as dead if they exhibited no
movement response when probed. Tissues from pupae fail-
ing to eclose were examined microscopically (100–480	)
to ascertain if they contained viral occlusions. After inocu-
lation, larvae from all experiments were maintained in a
growth chamber at 28  2°C under constant illumination in
individual 25-ml plastic cups containing diet (Stoneville).
Electron microscopy
Occlusions, purified from the cadavers of T. ni larvae
that had been infected with AcMNPV-WT or pe38-E9/E9
(Hostetter et al., 1990), were washed, resuspended in 50 l
of LMP agarose, and fixed in 2.5% glutaraldehyde. The
occlusion/agarose pellets were washed in dd H2O, sliced
into 2-mm cubes, fixed in 1% OsO4 for 1 h, rinsed with
water, and stained with 2% uranyl acetate for 1 h. The fixed
samples were dehydrated using a series of ethanol washes
followed by propylene oxide and stored overnight in a final
soak of Epon:propylene oxide (1:1). Samples were embed-
ded in Epon 812 and allowed to polymerize at 60°C for
48 h. Sections were stained with Reynold’s lead citrate and
examined with a Hitachi H-7000 transmission electron mi-
croscope to determine the size and cross-sectional area of
the occlusions, the numbers of ODV in each cross section,
and the distribution of nucleocapsids within the ODV. For
analysis by scanning electron microscopy, occlusions were
coated with gold using a Denton DV-502A high-vacuum
evaporator.
Acknowledgments
The authors thank Dagmar Knebel-Morsdorf for supply-
ing antisera specific for both PE38 and IE2. M.L.M. was
supported by a Government Laboratory Post-Doctoral Fel-
lowship. Financial support for all in vivo experiments was
provided by the Torrey Mesa Research Institute, Syngenta
Research and Technology. We gratefully acknowledge
233M.L. Milks et al. / Virology 310 (2003) 224–234
Allen Chang, Cesar Gerardo, Ian Lin, and Taro Ohkawa for
their assistance with the bioassays and LT studies. Trichop-
lusi ni larvae and diet for their maintenance were provided
by the BASF Corporation.
References
Ahrens, C.H., Rohrmann, G.F., 1995. Replication of Orgyia pseudotsugata
baculovirus DNA: lef-2 and ie-1 are essential and ie-2, p34, and Op-iap
are stimulatory genes. Virology 212 (2), 650–662.
Blissard, G.W., Rohrmann, G.F., 1990. Baculovirus diversity and molec-
ular biology. Annu. Rev. Entomol. 35, 127–155.
Engelhard, E.K., Kam-Morgan, L.N., Washburn, J.O., Volkman, L.E.,
1994. The insect tracheal system: a conduit for the systemic spread of
Autographa californica M nuclear polyhedrosis virus. Proc. Natl.
Acad. Sci. USA 91 (8), 3224–3227.
Friesen, P.D., 1997. Regulation of baculovirus early gene expression, in:
Miller, L.K. (Ed.), The Baculoviruses, Plenum, New York, pp. 141–
169.
Herniou, E.A., Luque, T., Chen, X., Vlak, J.M., Winstanley, D., Cory, J.S.,
O’Reilly, D.R., 2001. Use of whole genome sequence data to infer
baculovirus phylogeny. J. Virol. 75 (17), 8117–8126.
Hostetter, D.L., Puttler, B., McIntosh, A.H., Pinnell, R.R., 1990. A nuclear
polyhedrosis virus of the Yellowstripped Armyworm (Lepidoptera:
Noctuidae). Environ. Entomol. 19, 1150–1154.
Kool, M., Ahrens, C.H., Goldbach, R.W., Rohrmann, G.F., Vlak, J.M.,
1994. Identification of genes involved in DNA replication of the Au-
tographa californica baculovirus. Proc. Natl. Acad. Sci. USA 91 (23),
11212–11216.
Kovacs, G.R., Guarino, L.A., Summers, M.D., 1991. Novel regulatory
properties of the IE1 and IE0 transactivators encoded by the baculo-
virus Autographa californica multicapsid nuclear polyhedrosis virus.
J. Virol. 65 (10), 5281–5288.
Krappa, R., Knebel-Morsdorf, D., 1991. Identification of the very early
transcribed baculovirus gene PE-38. J. Virol. 65 (2), 805–812.
Krappa, R., Roncarati, R., Knebel-Morsdorf, D., 1995. Expression of PE38
and IE2, viral members of the C3HC4 finger family, during baculovirus
infection: PE38 and IE2 localize to distinct nuclear regions. J. Virol. 69
(9), 5287–5293.
Lium, E.K., Silverstein, S., 1997. mutational analysis of the herpes simplex
virus type 1 ICP0 C3HC4 Zinc ring finger reveals a requiremetn for
ICp0 in the expression of the alpha27 gene. J. Virol. 71 (11), 8602–
8614.
Lu, A., Carstens, E.B., 1993. Immediate-early baculovirus genes transac-
tivate the p143 gene promoter of Autographa californica nuclear poly-
hedrosis virus. Virology 195 (2), 710–8.
Monsma, S.A., Oomens, A.G., Blissard, G.W., 1996. The GP64 envelope
fusion protein is an essential baculovirus protein required for cell-to-
cell transmission of infection. J. Virol. 70 (7), 4607–16.
Murges, D., Quadt, I., Schroer, J., Knebel-Morsdorf, D., 2001. Dynamic
nuclear localization of the baculovirus proteins IE2 and PE38 during
the infection cycle: the promyelocytic leukemia protein colocalizes
with IE2. Exp. Cell Res. 264 (2), 219–32.
Passarelli, A.L., Miller, L.K., 1994. In vivo and in vitro analyses of
recombinant baculoviruses lacking a functional cg30 gene. J. Virol. 68
(2), 1186–90.
Prikhod’ko, E.A., Lu, A., Wilson, J.A., Miller, L.K., 1999. In vivo and in
vitro analysis of baculovirus ie-2 mutants. J. Virol. 73 (3), 2460–8.
Prikhod’ko, E.A., Miller, L.K., 1999. The baculovirus PE38 protein aug-
ments apoptosis induced by transactivator IE1. J. Virol. 73 (8), 6691–9.
Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning: A
Laboratory Manual, second ed. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.
Sit, T.L., Vaewhongs, A.A., Lommel, S.A., 1998. RNA-mediated trans-
activation of transcription from a viral RNA. Science 281 (5378),
829–32.
Summers, M. D., Smith, G. E., 1987. A Manual of Methods for Baculo-
virus Vectors and Insect Cell Culture Procedures. Department of En-
tomology, Texas Agricultural Experiment Station, Bulletin No. 1555.
Texas A&M University, College Station.
Theilmann, D.A., Stewart, S., 1992. Molecular analysis of the trans-
activating IE-2 gene of Orgyia pseudotsugata multicapsid nuclear
polyhedrosis virus. Virology 187 (1), 84–96.
Volkman, L.E., Goldsmith, P.A., 1982. Generalized immunoassay for
Autographa californica nuclear polyhedrosis virus infectivity in vitro.
Appl. Environ. Microbiol. 44 (1), 227–233.
Volkman, L.E., Summers, M.D., Hsieh, C.H., 1976. Occluded and nonoc-
cluded nuclear polyhedrosis virus grown in Trichoplusia ni: compara-
tive neutralization comparative infectivity, and in vitro growth studies.
J. Virol. 19 (3), 820–832.
Washburn, J.O., Kirkpatrick, B.A., Volkman, L.E., 1995. Comparative
pathogenesis of Autographa californica M nuclear polyhedrosis virus
in larvae of Trichoplusia ni and Heliothis virescens. Virology 209 (2),
561–568.
Wu, X., Stewart, S., Theilmann, D.A., 1993. Alternative transcriptional
initiation as a novel mechanism for regulating expression of a baculo-
virus trans activator. J. Virol. 67 (10), 5833–42.
Yoo, S., Guarino, L.A., 1994. Functional dissection of the ie2 gene product
of the baculovirus Autographa californica nuclear polyhedrosis virus.
Virology 202 (1), 164–72.
Zhong, S., Salomoni, P., Pandolfi, P.P., 2000. The transcriptional role of
PML and the nuclear body. Nature Cell Biol. 2, E85–E89.
234 M.L. Milks et al. / Virology 310 (2003) 224–234
